The great adaptability shown by RNA viruses is a consequence of their high mutation rates. Here we investigate the kinetics of virus fitness gains during repeated transfers of large virus populations in cell culture. Results always show that fitness increases exponentially. Low fitness clones exhibit regular increases observed as biphasic periods of exponential evolutionary improvement, while neutral clones show monophasic kinetics. These results are significant for RNA virus epidemiology, optimal handling of attenuated live virus vaccines, and routine laboratory procedures.
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RNA viruses are highly mutable and form complex quasispecies populations as defined by Eigen and colleagues (1) (2) (3) (4) . Quasispecies or "mutant swarms" of RNA viruses evolve thousands-to millionsfold faster than DNA-based organisms (5) (6) (7) (8) (9) . This provides an invaluable tool to perform evolutionary studies that, for the latter, would take eons. Evolution of RNA viruses depends upon environmental selective forces and random drift (6, 10, 11) . Examples are human immunodeficiency virus 1 (11) , hepatitis C virus (12) , and foot-and-mouth disease virus (13) , all of which can replicate and evolve rapidly and continuously in infected individuals. Because the behavior of quasispecies populations is important for an understanding of RNA virus disease and epidemiology, quantitative studies of virus populations and population genetics are needed. We have developed a relative fitness assay to enable quantitative analysis of RNA virus population behavior (14) . This employs genetically marked mutants that are mixed with wild-type virus (as an internal standard), and these mixed RNA virus quasispecies are allowed to compete during replication in a series of repeated transfers in cell culture. The changing ratios of genetically marked virus to wild-type virus allow determination of relative fitness vectors and relative fitness values (W) per passage. For the wild-type virus employed as the internal control, fitness is assigned a neutral value (W = 1.0) because it is the parental standard virus clone from which all of the genetically marked clones have been derived. The marked clones are monoclonal antibody-resistant mutants (MARMs), and their fitness is measured after replicative competition passages in a constant cell culture environment (14) .
It was observed (15) (16) (17) (18) that whenever selection does not have the opportunity to act, as during repeated genetic bottleneck transfers of a MARM of vesicular stomatitis virus (VSV) or a marked mutant of an RNA bacteriophage, the high mutation rates lead to loss of virus fitness. Genetic bottleneck passages involve repeated transfers of only one or a few virions, and loss of fitness results from gradual stochastic accumulation of deleterious mutations in accord with Muller's ratchet theory (19, 20) . Muller (19) had predicted that when an asexual population is small and the mutation rate is high, the popu-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. lation will decline in fitness due to the accumulation of deleterious mutations in a "kind of irreversible ratchet mechanism." In contrast, it has been observed that repeated transmissions of large RNA virus populations from host to host in a constant environment leads to significant increases in mean population fitness. This occurs because replicative competition allows selection to operate, causing loss of inferior genomes and accumulation of more-fit genomes (21) . More-fit mutants predictably gain rapid ascendancy in virus populations (10) , and the "cloud of mutants" in quasispecies populations will be "guided" through "sequence space" by natural selection as elaborated by Eigen and colleagues (1) (2) (3) (4) . Sequence space is a v-dimensional abstract world (where v is the genome length in bases for an RNA virus). Sequence space has >411,000 dimensions for an RNA genome exceeding 11 kb, and most of this unimaginably immense space is devoid of life. The evolutionary challenge for living entities is to find, and move within, those relatively diminutive regions of sequence space that are viable and adaptative. Despite the incomprehensible vastness of sequence space, there is high connectivity from one genomic sequence to others (a finite Hamming distance), and this allows quasispecies mutant swarms to "climb uphill" (be positively selected to move increasingly higher in those regions of sequence space with greater adaptative value) (1) (2) (3) (4) .
Hill climbing in sequence space, as with adaptative peak ascensions in the earlier adaptative landscape paradigm of Wright (22, 23) , represents the fundamental action of Darwinian natural selection. In the case of RNA virus quasispecies evolution, adaptative movements in sequence space have important biological, medical, and epidemiological consequences. In the present study, we have examined carefully the kinetics of fitness acquisition during repeated transmission of large virus populations under constant environmental conditions, and we observed remarkable exponential gains in fitness. The viral populations tested were VSV MARM clones with either low starting fitness or approximately neutral fitness. Because we always started with clones (progeny of single virus particles initiating a virus plaque), all of the exponential fitness gains shown below must inevitably represent adaptative uphill climbs of RNA virus quasispecies mutant clouds through sequence space (3).
MATERIALS AND METHODS
BHK21 cells and HeLa cells were grown as cell monolayers in Eagle's minimum essential medium containing heat-inactivated (60°C, 30 min) bovine calf serum. The virus employed was the Mudd-Summers strain (Indiana serotype) of VSV (24) . Our wild-type virus is a population derived from a clone, and all the genetically marked MARMs are subclones from this wild-type clone. Some clones (D, N, and C) were previously subjected to genetic bottleneck (plaque-to-plaque) transfers that reduced their relative fitness (17, 21, 25) . They are clonal pools prepared from a plaque picked after the final bottleneck passage. MARM U is a neutral (surrogate wild type) subclone of the wild-type clone recovered from an isolated plaque grown in the presence of I1 monoclonal antibody (14) . Hybridoma cells were kindly provided by L. Lefrancois (26, 27) and concentrated I1 monoclonal antibody was prepared in cell cultures exactly as described (28) . Transfers of large virus populations and competition assays were done as described (14, 17, 18, 21, (28) (29) (30) (Fig. 1) . Repeated transfers of large virus populations of clone D (initial W = 0.30 ± 0.04) in HeLa cells (Fig. 2) gave similar results. However, for this virus clone that had initially low fitness, the resulting exponential increases exhibited two distinct phases of continuous evolution. During the first phase, fitness gains occurred rapidly until reaching approximate neutrality. Beyond this point, the exponential fitness increases continued, but at a lower rate. Fig. 2A (34, 35) . Another remarkable difference between E. coli and VSV evolution is that E. coli fitness changes can be explained by an hyperbolic model (34) , whereas VSV evolution follows exponential kinetics in the form log w, = A + Bt -Ce-Dt, where w, is the mean fitness at passage t and A, B, C, and D are empirical parameters for the model fit obtained by the generalized minimum squares method (Table  1) . Nevertheless, both models share important characteristics, particularly the continuous regular fitness gains and the biphasic shape of the curves. Note however in Table 1 that our RNA virus data show very poor fit (right hand column) to the hyperbolic model for E. coli (33) (34) (35) . Any hyperbolic model to fit our data would have to be based upon a logarithmic transformation of experimental fitness values. This difference in adaptative rates and modes might be due to differences in mutation rates and genomic sizes in DNA-based and RNAbased genomes (6, 8, 38) .
This exponential mode of fitness variation is in agreement with a model previously proposed by Gabriel et at (36) and Lynch et at (37) . In their model, the kinetics of mutation accumulation (i.e, mean fitness) is described in terms of population genetic parameters such as mutation rate (,u), selection coefficients (s) for new mutants, and carrying capacity (K) of the system (Table 1) . Their model was designed to Table 1 . 
